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I 
PREFACE 
T h i s  i s  t h e  f i n a l  s c i e n t i f i c  r e p o r t  concern ing  t h e  
O G O - I 1  s a t e l l i t e  plasma wake s t u d y .  The work w a s  suppor ted  
under  NASA Grant  NGR-23-005-068. The i n s t r u m e n t a t i o n  f o r  
t h i s  s tudy  i s  d e s c r i b e d  e l sewhere .  
ii 
TABLE OF CONTENTS 
Page 
LIST OF FIGURES 
I N T R O D U C T I O N  
DISCUSSION 
I .  G e n e r a l  Comments 
11. Observed  Data 
111. Antenna  Impedance 
I V .  Wake F e a t u r e s  
V .  U n e x p l a i n e d  Phenomena 
V I .  S p a c e c r a f t  A t t i t u d e  
V I I .  C o n c l u s i o n s  
APPENDICES 
I .  Wake P a p e r  
11. Computer Programs 
BIBLIOGRAPHY 
FIGURE CAPTIONS 
i 
11 
13 
16 
17 
17 
4 2  
5 7  
6 2  
iii 
LIST OF FIGURES 
Page  
1. POGO impedance  b r i d g e  b l o c k  d i a g r a m .  6 3  
2 .  Data r e c o r d  w i t h  wake e f fec ts .  64  
3 .  Data r e c o r d  w i t h  r e a c t a n c e  s i g n  c h a n g e s .  6 5  
4 .  Smi th  c h a r t  p l o t  o f  o b s e r v e d  a n t e n n a  6 6  
impedance .  
5 .  Calcomp p l o t  o f  a n t e n n a  r e s i s t a n c e  and a 6 7  
r e a c t a n c e .  
6 .  An tenna  r e a c t a n c e  p l o t  showing wake e f fec ts .  6 8  
7 .  An tenna  r e a c t a n c e  p l o t  showing m a g n e t i c  6 9  
f i e l d  e f fec ts .  
8 .  S k e t c h  o f  o r b i t  and  s p i n  d i r e c t i o n s .  7 0  
9 .  'POGO t r a j e c t o r y  p l o t t e d  on  X-Y2 d i a g r a m .  7 1  
i v  
I NTRO DUCT I ON 
The University of Michigan Radio Astronomy Observatory 
(UM/RAO), under this grant, continued its studies on the 
"plasma wake" of the spinning OGO-I1 satellite using the 
2.5 MHz antenna impedance data measured on Experiment No. 1 
initiated under NAS5-3099. 
The experiment was planned to map the cosmic radio noise 
at 2.5 MHz using ionospherically focussed radio beams. An 
integral part of the instrument was a radio frequency bridge 
to continuously measure the 2.5 MHz complex impedance of the 
18 meter monopole antenna. The mapping was not possible 
because of the non-stabilized condition of the spacecraft 
and because of radio interference from the spacecraft and 
from other on board experiments. 
Perturbations of the antenna impedance caused by the 
OGO-I1 wake were discovered in the data by R. G. Yorks and 
H. Weil. The consequent possibility to study wake effects 
was not planned f o r ,  nor anticipated, because of the expected 
stabilized operation of the spacecraft. The work undertaken 
on this grant thus became a study of the wake and its effects 
on antennas using the available data. 
The most detailed results of this study are contained 
in Appendix I which has been accepted as a paper for 
publication by Planetary and Space Sciences. Additional 
observations and plots of measured data are presented in 
the "DISCUSSION" section, Outlines of all computer programs 
written for this study are included in Appendix 11. A 
bibliography of reports and papers consulted is also included. 
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DISCUSSION 
I. GENERAL 
A brief description of the instrument flown on OGO-I1 
is given in Appendix I. A more detailed,description is to 
be found in Yorks and Cohen (1969). The main features of 
the instrument that permitted us to obtain the wake data 
are : 
1) The operating frequency of 2.5 MHz is in the "middle" 
of the encountered range of F-region plasma frequencies. 
2) The ability of the instrument to measure both 
capacitive and inductive antenna reactances. 
3 )  The sensitivity of the instrument in responding to 
small electron density changes (on the order of 500 
electrons/cc out of a total content of 1.5 x 10 
electrons/cc, or a density change of less than 1/2 
percent) . 
5. 
4 )  Lack of sensitivity to RFI due to the synchronous 
operation of the 'impedance bridge. 
This wake study was intended primarily to permit a better 
understanding of the OGO-IV antenna impedance behavior in and 
out of the wake and thus permit better reduction of the 
.radiometer data. To compare characteristics of the plasma 
wake with theoretical predictions was a secondary goal. 
Most of the results from the wake studies are detailed in 
Appendix I. The discussion here will attempt to cover features 
of the observed data that were studied after submission of this 
paper, and features not directly applicable to the topic of 
this paper. 3 
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In the following sections, data as recorded directly 
from the satellite will be illustrated and important 
features discussed. Plots of calculated antenna impedances. 
will than be shown and discussed. Discussions of additional 
wake features, some unexplained impedance phenomena, and 
spacecraft attitude computations using the impedance data 
will round out the report. 
11. OBSERVED DATA 
The measurement of antenna impedance is performed by 
injecting a small voltage ( <  - 1 mv) from the oscillator into 
the antenna circuit through a resistive feed (figure 1). 
The amplifier input resistance is included in R i .  
equivalent circuit for the input network of figure 1 is, 
The 
xA 
where 
Ri R - Rl - - in ohms, 
( R i + R )  
L 
RA= antenna resistance in ohms, and 
X = antenna reactance in ohms. A 
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The r e s u l t i n g  v o l t a g e  t o  t h e ' a m p l i f i e r  i s  t h e n  
S ince  it i s  n o t - t h e  a b s o l u t e  v o l t a g e  ampl i tude  t h a t  
i s  i m p o r t a n t ,  b u t  t h e  magnitude r e l a t i v e  t o  t h e  open c i r c u i t  
v o l t a g e ,  w e  w i l l  normal ize  t h e  v o l t a g e ,  
- RA + j x A  E =  - -  
E O  Rl+RA+jXA ¶ 
This  v o l t a g e  i s  now a m p l i f i e d  and f e d  t o  a p a i r  of 
synchronous phase d e t e c t o r s  whose o u t p u t  v o l t a g e s  are 
p r o p o r t i o n a l  t o  t h e  magnitude of E and t o  t h e  s i n e  and c o s i n e  
of  t h e  phase a n g l e  between E and i n j e c t e d  r e f e r e n c e  v o l t a g e  
Eo. When t h e  g a i n s  of  the  two channe l s  are  a d j u s t e d  t o  
p rov ide  maximum o u t p u t s  of  5 v o l t s  t o  conform w i t h  t h e  0-5 
v o l t  d c  c a p a b i l i t y  of t h e  t e l e m e t r y  hand l ing  system, t h e  
e x p r e s s i o n s  f o r  t h e  o u t p u t s  a r e ,  
RA(Rl+RA) + XA 2 
v o l t s  , 2 c o s i n e  = 5 (R1+RA) + Xi 
4- 2 . 5  v o l t s  RIXA 2 s i n e  = 5 ( R ~ + R ~ ) *  + xA 
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where t h e  5 ' s  i n  t h e  e q u a t i o n s  are a consequence of  t h e  5 
v o l t  ' f u l l  scale t e l e m e t r y  o u t p u t  and t h e  2.5  i n  t h e  s i n e  
e x p r e s s i o n  r e p r e s e n t s  a b i a s  v o l t a g e  i n  t h e  s i n e  channel  t o  
pe rmi t  measurement o f  bo th  p o s i t i v e  and n e g a t i v e  an tenna  
r e a c t a n c e s .  By conven t ion ,  c a p a c i t i v e  r e a c t a n c e s  are t r e a t e d  
wi th  a ( + I  s i g n  and i n d u c t i v e  r e a c t a n c e s  are  t r e a t e d  as 
e q u i v a l e n t  n e g a t i v e  c a p a c i t i v e  r e a c t a n c e s .  
F igu re  2 i s  an analogue p l o t  o f  t h e  an tenna  impedance 
' channel  data as r e c e i v e d  d i r e c t l y  from t h e  s p a c e c r a f t .  
The v e r t i c a l  scale o f  each channel  i s  0 t o  5 v o l t s  f u l l  
scale .  The h o r i z o n t a l  scale i s  3 1 . 4  seconds  p e r  major  
d i v i s i o n .  Th i s  d a t a  covers  39 minutes  o u t  of  a 1 0 4  minute 
o r b i t .  The sawtooth  trace below t h e  c o s i n e  channel  is t h e  
spacecraft c lock  r e c o r d ,  and each sweep i s  5 1 2  seconds long .  
The main f e a t u r e s  t o  be  n o t e d  are 1) t h e  wake occur rences  
i n  t h e  i n d u c t i v e  r e g i o n  n e a r  p e r i g e e ,  2 )  t h e  absence o f  wake 
e f fec ts  i n  t h e  c a p a c t i v e  r e g i o n ,  3 )  t h e  p e r i o d  o f  t h e  wake 
occur rences  : about  f o u r  minutes  and,  4 )  t h e  s h a r p  change 
i n  v o l t a g e  l e v e l s  when t h e  r e a c t a n c e  changes from c a p a c i t v e  
t o  i n d u c t i v e  o r ' i n d u c t i v e  t o  c a p a c i t i v e .  
The d a t a  o f  f i g u r e  3 w e r e  s e l e c t e d  because o f  t h e  occur rences  
' o f  two f e a t u r e s  l a b e l e d  " e x t r a  r e a c t a n c e  s i g n  changes".  (The 
scales are t h e  same as i n  f i g u r e  1.) These are f e a t u r e s  t h a t  
were unexpec ted ly  observed  on bo th  O G O - I 1  and O G O - I V .  The 
e x a c t  t i m e s  o f  t h e  r e a c t a n c e  s i g n  changes o c c u r  on t h i s  
chart where t h e  " s i n e "  channel  c r o s s e s  t h e  2 . 4  v o l t  l e v e l .  
These w i l l  be  d i s c u s s e d  i n  more d e t a i l  i n  a la te r  s e c t i o n .  
111. ANTENNA INPEDANCE 
The v o l t a g e  o u t p u t s  from t h e  two impedance channe l s  can 
b e  t ransformed t o  t h e  r e s i s t i v e  and r e a c t i v e  components .of 
t h e  complex an tenna  impedance by p l o t t i n g  t h e  v o l t a g e s  on 
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a Smith c h a r t  t y p e  o f  p l o t ' s u c h  as f i g u r e  4, w i th  t h e  c o s i n e  
a long  t h e  abcissa and t h e  s i n e  a long  t h e  o r d i n a t e ,  or b y *  
us ing  e q u a t i o n s  (1) and ( 2 )  below. 
I n  f i g u r e  4 ,  t h e  f u l l  c i r c l e s  r e p r e s e n t  l i n e s  of  
c o n s t a n t  an tenna  r e s i s t a n c e  i n  ohms and t h e  arcs of  
c i r c l e s  i n t e r s e c t i n g  these a t  r i g h t  a n g l e s  are l i n e s  of  
c o n s t a n t  an tenna  c a p a c i t a n c e  i n  p i c o f a r a d s .  The 2 . 5  v o l t  
h o r i z o n t a l  l i n e  marked 'I CQ i s  t h e  boundary between a 
c a p a c i t i v e  an tenna  (uppe r  h a l f  p l a n e )  and an  i n d u c t i v e  
an tenna  ( lower  h a l f  plane ' ) .  
.. . . , e  
A t y p i c a l  impedance t r a j e c t o r y  i s  drawn on f i g u r e  4 ,  
f o l lowing  t h e  d i r e c t i o n  of t h e  a r rows ,  as t h e  s p a c e c r a f t  
t r a v e l s  from apogee t o  p e r i g e e  i n  i t s  o r b i t  and n e g l e c t i n g  
wake e f fec ts .  
For computer r e d u c t i o n  of  t h e  d a t a  t h e  fo l lowing  e q u a t i o n s  
y i e l d  t h e  r e s i s t i v e  and r e a c t i v e  terms. 
11. (1) 5 . 0  ( 5 . 0  - c o s i n e )  
( s i n e - 2 . 5 1 ~  + ( 5 . 0 - c o s i n e )  
RA = R1 
R1 ( s i n e  - 2 . 5 )  
( 2 )  2 2 XA = 5 . 0  ( s i n e  - 2 . 5 )  f ( 5 . 0  - c o s i n e )  
where a l l  t h e  terms are as de f ined  i n  t h e  p rev ious  s e c t i o n .  
Observed an tenna  r e a c t a n c e s  r ange  from about  2 5 0  ohms 
c a p a c i t i v e  a t  apogee,  up th rough  a h i g h  of about  1 0 0 0 0  ohms 
c a p a c i t i v e  as t h e  an tenna  e n t e r s  a more dense  ionsophere ,  
and t h e n r a p i d l y  changes t o  i n d u c t i v e  v a l u e s  cover ing  a 
similar r ange  i n  r e v e r s e  on coming down t o  p e r i g e e .  Antenna 
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r e s i s t a n c e s  va ry  from a few ohms up t o  a h i g h  of  about  
2 0 0 0 0  ohms. Beginning a t  apogee ( f i g u r e  4 )  t h e  r e s i s t a n c e  
i s  about  2 0  ohms. Coming down i n t o  t h e  ionosphere  t h e  
r e s i s t a n c e  i s  observed t o  dec rease  by about  5 0 %  as t h e  
e x t r a o r d i n a r y  mode wave propagat ion  d i s a p p e a r s .  On con t inu ing  
lower ,  t h e  r e s i s t a n c e  r i s e s  r a p i d l y  t o  a peak of about  10,000 
ohms n e a r  t h e  r e g i o n  where t h e  o p e r a t i n g  f requency  squared  
equa l s  t h e  sum o f  t h e  plasma f requency  squared  and t h e  gyro  
f requency  squared .  T h i s  f requency  i s  commonly c a l l e d  t h e  
Upper Hybrid Resonance ( U H R )  f requency .  A s  t h e  e l e c t r o n  
d e n s i t y  i n c r e a s e s  f u r t h e r ,  t h e  r e s i s t a n c e  d rops  s t e a d i l y  t o  
a va lue  of about  1 0 0  ohms. Somewhere p a s t  t h e  l e v e l  where 
' the  plasma f requency  exceeds  t h e  o p e r a t i n g  f requency ,  as 
t h e  s i g n  o f  t h e  r e a c t a n c e  changes f o r  t h e  t h i r d  t i m e ,  t h e  
r e s i s t a n c e  peaks  a g a i n  a t  about  1 0 0 0  ohms and t h e n  d rops  
o f f  t o  a f a i r l y  c o n s t a n t  v a l u e  o f  1 0 0  ohms u n t i l  p e r i g e e  i s  
reached .  
F igu re  5 i s  a p l o t  o f  t h e  r e s i s t i v e  and r e a c t i v e  compon- 
e n t s ,  computed from observed  O G O  d a t a ,  cover ing  a p o r t i o n  
of  t h e  o r b i t  n e a r  p e r i g e e ,  w i t h  a l i n e a r  t i m e  scale and a 
l o g a r i t h m i c  impedance scale ( w i t h  t h e  0 t o  1 ohm r e g i o n  
suppressed  t o  pe rmi t  p l o t t i n g  b o t h  r e a c t i v e  p o l a r i t i e s ) .  
Th i s  f i g u r e  w i l l  be r e f e r r e d  t o  a g a i n  i n  fo l lowing  s e c t i o n s  
of t h e  r e p o r t .  The r e s i s t a n c e  curve  dropping  t o  ze ro  on t h e  
l e f t  s i d e  o f  t h i s  p l o t  i s  t h e  r e s u l t  o f  a s l i g h t  c a l i b r a t i o n  
s h i f t  and n o t  a r e a l  e f f e c t .  The r e s i s t a n c e  should  be  c l o s e  
t o  1 0  ohms t h e r e .  
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IV. \dAlX FEATURES 
S ince  t h e  main wake d e t a i l s  appear  i n  AppendixOI, on ly  
f e a t u r e s  observed  s i n c e  t h a t  paper  w a s  w r i t t e n  w i l l  be 
' p re sen ted  h e r e .  
F igure  2 showed t h e  r a w  d a t a  w i t h  wake e f f ec t s  marked. 
The absence  o f  wake e f f ec t s  i n  t h e  r e g i o n  l a b e l e d  " c a p a c i t i v e "  
dese rves  a t t e n t i o n .  I n  a l l  o f  t h e  35 mm f i l m  v e r s i o n  of t h e  
data ,  t he re  are no d e t e c t a b l e  i n s t a n c e s  o f  a s p a c e c r a f t  
wake. A p l o t  o f  an tenna  r e a c t a n c e  i n  f i g u r e  6 d i s p l a y s  t h i s  
phenomenon q u i t e  p l a i n l y .  I t  has  been g e n e r a l l y  observed  
t h a t  very  s t r o n g  wake modulat ion w i l l  be recorded  i n  t h e  
i n d i c a t e d  i n d u c t i v e  r e g i o n  r i g h t  up t o  t h e  t i m e  t h e  r e a c t a n c e  
goes  c a p a c i t i v e ,  and t h e r e  t h e  wake e f f ec t s  s t o p .  S ince  i t  
seems q u i t e  r easonab le  t o  assume t h a t  t h e  a c t u a l  wake does  
n o t  c o i n c i d e n t a l l y  d i s a p p e a r  a t  t h i s  p o i n t ,  t h e r e  remains  
a problem of  e x p l a i n i n g  t h e  loss of  obse rvab le  wake modula t ion .  
There i s  a d i f f e r e n t  modulat ion o f  t he  c a p a c i t i v e  
an tenna  observed a t  t i m e s .  I t s  p e r i o d ,  as seen  i n  f i g u r e  7 
i s  about  two minutes  l o n g  or one-half  o f  t h e  wake p e r i o d ,  
and t h e  peak ampl i tudes  are  a l l  of g e n e r a l l y  t h e  same magni- 
t u d e .  Because o f  t h i s  and because t h e  modulat ion has a 
s i n u s o i d a l  appearance ,  it i s  b e l i e v e d  t o  be an  impedance 
e f fec t  caused  by t h e  c o n t i n u a l l y  va ry ing  a n g l e  between t h e  
an tenna  and t h e  magnet ic  f i e l d  l i n e s  as t h e  s p a c e c r a f t  s p i n s .  
Th i s  i s  demonstrated i n  t h e  fo l lowing  paragraph .  
I n  one r e v o l u t i o n  of t h e  s p a c e c r a f t  around t h e  ear th ,  
t h e  number of  observed wake c y c l e s  should  be one l e s s  t h a n  
t h e  number of  i n e r t i a l  s p i n ' c y c l e s ,  because  t h e  s p a c e c r a f t '  
i s  sp inn ing  about  i t s  a x i s  i n  t h e  same sense  as t h e  space-  
c r a f t  i s  moving around t h e  ear th  (see f i g u r e  8 ) .  T h e r e f o r e ,  
t h e  observed  average  wake p e r i o d  should  be l o n g e r  t h a n  t h e  
i n e r t i a l  s p i n  p e r i o d .  
a 
Similarly, since the magnetic field lines reverse 
direction at the poles, the observ'ed number of magnetic 
field modulation cycles (taking two observed periods as 
one complete cycle) should be two less than the number 
of inertial cycles. The. observed average magnetic field 
modulation period should then be longer than either the 
inertial or the wake periods. 
For example, for the epoch of the data of figure 6, 
the O G O - I 1  orbital period was 104.29 minutes (Goddard 
Space Flight Center OGO Operations Summary Report) and 
the inertial spin period was 3.67 minutes. Using this 
information, the number of inertial spin periods ni can 
be calculated, then ni - 1 is the number of wake periods and 
ni 
average wake periods can then be computed and compared to 
observed data. It must be remembered, however, that the 
relative magnetic field angle does not change in the uniform 
-2 is the number of magnetic field periods. Theoretical 
manner of the wake, so that near the equator the periods 
will be closer to those of the wake and of the inertial 
periods and near the poles the magnetic field period will 
be considerably longer. The magnetic field modulation is 
not'as sharply defined as the wake and so it is more difficult 
to 'determine an individual wake period accurately. 
104*29 
3.67 = 28.4169 inertial periods per orbit n =  i 
wake periods: 
nw = n. - 1 = 27.4169 periods 
. 1  
theoretical: 
observed: 
- -L--- 104*29 = 3.80 minutes/period tw 26.4169 
= 3.79 minutes/period (average of 
figure '6 wakes) ' tW 
9 
magnetic field periods: n = n. - 2 = 26.4169 periods m 1 
, .  
- 104'29 = 3.947 minutes/period tm - 26.4169 theoretical: 
observed : tm = 3.83 minutes/period (average of 
figure 7) 
The data of figure 7 occurs between geomagnetic latitudes 
' - 4 O  and +40° so the period should be shorter than the average 
magnetic period and should be fairly close to but longer 
than the wake period. 
Examination of a number of data records gives general 
agreement with the above reasoning; the wake periods being 
quite sharply defined and quite regular in period while the 
magnetic field effects are more sinusoidal in appearance and 
more irregular in period, varying as much as 1 / 2  minute in 
one orbit. 
Correlation of the depth of the wake modulation as 
a function of altitude (electron density) was not very 
fruitful because of the sharp disappearance of the wake 
effect at a specific level in the ionosphere. It would 
appear that in order to pursue this area, it would be 
necessary to use either a lower frequency, so as to have an 
inductive antenna over more of the orbit or to have a more 
sensitive impedance bridge to look for wake effects when 
the antenna is capacitive. 
Correlation of the spacecraft velocity-wake angle as 
a function of spacecraft velocity-magnetic field angle 
showed no definite relationship (as is discussed and shown 
in figures 7 E 8 in appendix I). This may be because the 
pulling effect is supposed to be small (Whang, 1 9 6 7 )  and is 
masked by other effects. 
10 
V.  UNEXPLAINED PHENOMENA 
F igures  3 and 5 show two v e r s i o n s  of  t h e  same phenomena 
as t h e y  appear  i n  t h e  r a w  t e l e m e t r y  data and t h e  t ransformed 
impedance d a t a ,  r e s p e c t i v e l y .  These are r e a c t a n c e  s i g n  
changes which, on going  towards h i g h e r  e l e c t r o n  d e n s i t i e s ,  
go f i r s t  from an  i n d u c t i v e  r e a c t a n c e  t o  c a p a c i t i v e  a t  a 
very  low v a l u e  of  an tenna  r e s i s t a n c e  and t h e n  from c a p a c i t i v e  
back t o  i n d u c t i v e  a t  a h i g h e r  v a l u e  of  an tenna  r e s i s t a n c e .  
They cor respond t o  t h e  c r o s s i n g s  marked 2 and 3 i n  f i g u r e , 4 .  
To i l l u s t r a t e  where t h e y  occur  on a X-Y2 (CMA) d iagram,  
f i g u r e  9 shows a t y p i c a l  O G O - I 1  t r a j e c t o r y  i n  t h e  ionosphere .  
I n  t h i s  diagram 
L 
where 
f = e l e c t r o n  plasma f r equency ,  P 
f = e l e c t r o n  gyro  f requency ,  
g 
and 
f = impedance b r i d g e  o p e r a t i n g  f requency .  
I t  i s  impor t an t  t o  n o t e  t h a t  a t  an  o p e r a t i n g  f requency  
2 o f  2 . 5  MHz, i n  t h e  O G O - I 1  p o l a r  E a r t h  o r b i t ,  Y is c o n s t r a i n e d  
t o  be l e s s - t h a n  0 . 5  and u s u a l l y  i s  about  0 . 2 .  The impor tance  
o f  t h i s  i s  t h a t  Y 2  never  exceeds  1, where a r e a c t a n c e  si& 
* 
change could  occur .  
t .  
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The p o i n t s  marked 2 and 3 i n  f i g u r e  9 are  no t  cons ide red  
t o  be a c c u r a t e l y  p l aced  w i t h  r e s p e c t  t o  X ,  bu t  are i n  
approximately t h e  c o r r e c t  l o c a t i o n s .  Po in t  2 €or i n s t a n c e  
may a c t u a l l y  be l o c a t e d  on t h e  curve  X = 1 f Y .  S ince  t h e r e  
were no a c c u r a t e  e l e c t r o n  d e n s i t y  measurements from t h e  
s p a c e c r a f t  du r ing  t h e  sp inn ing  p e r i o d ,  t h e  e l e c t r o n  d e n s i t i e s  
f o r  t h i s  curve  were de termined  from a s i n g l e  measured e l e c t r o n  
d e n s i t y  v a l u e  o b t a i n e d  from t h e  an tenna  impedance d a t a .  - Then 
p l a c i n g  t h i s  d e n s i t y  a t  t h e  p rope r  a l t i t u d e  on a s t anda rd  
F-region a l t i t u d e - d e n s i t y  curve  such as g iven  i n  Johnson (19611, 
y i e l d s  approximate d e n s i t i e s  a t  o t h e r  a l t i t u d e s .  T h i s  i s  
t h e  way p o i n t s  2 and 3 i n  f i g u r e  9 were ob ta ined .  
The s i n g l e  expe r imen ta l  v a l u e  i s  ob ta ined  a t  t h e  boundary 
2 c r o s s i n g  where X = 1 - Y marked as 1 i n  f i g u r e  9 .  According 
t o  c a l c u l a t i o n s  u s i n g  t h e  approximate formula  by Balmain 
(1964) (see equa t ion  1 i n  appendix I> f o r  t h e  r e a c t a n c e  o f  
an e l e c t r i c a l l y  s h o r t  c y l i n d r i c a l  monopole i n  a uniform 
magnetoplasma, a peak occur s  i n  t h e  c a p a c i t i v e  an tenna  r e a c t a n c e  
a t  X = 1 - Y independent  of  t h e  r e l a t i v e  magnet ic  fie3.d a n g l e  
or t h e  c o l l i s i o n  f requency .  Taking t h i s  as f a c t ,  and having  
t h e  magnet ic  f i e l d  s t r e n g t h  from t h e  s p a c e c r a f t  a t t i t u d e - o r b i t  
data,  y i e l d s  a w e l l  d e f i n e d  e l e c t r o n  d e n s i t y  p o i n t .  
2 
Following t h i s  p rocedure ,  va lues  of  X f o r  t h r e e  such 
e v e n t s  were computed and compared w i t h  t h e  known v a l u e s  of 
1 t Y and 1 f Y o b t a i n e d  us ing  t h e  magnet ic  f i e l d  s t r e n g t h  
provided  by GSFC. The r e s u l t s  are l i s t e d  i n  t a b l e  1.below. 
2 
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TABLE 1 
Extra- 
polated X 
2nd sign change 1.315 
3rd sign change 1.41 
2nd sign change 1.325 
3rd sign change 1.395 
.2nd sign change 1.263 
3rd sign change 1.322 
Event 1 : 
Event 2 : 
Event 3 : 
Known 
1 4 - Y  
Known 
1 f Y2 
1.306 
1.300 
1.284 
1.28 
1.295 
1.292 
In these cases, the extrapolated X lies within 3 to 4 
percent of the known value of 1 +.Y. Existing antenna 
impedance formulas, such as Balmain's, or results obtained 
by more elaborat'e analyses (Lafon and Weil, 1969) do not 
predict either of these two reactance changes. 
VI. SPACECRAFT ATTITUDE 
OGO-I1 was not equipped with a system f o r  determining 
the instantaneous attitude of the three axes when in a 
spinning configuration. Consequently, when it was spun-up, 
little attitude information was available from GSFC. 
1.093 
1.09 
1.08 
1.079 
1.0875 
1.0852 
Using the available spacecraft orientation information 
and the UM/RAO antenna impedance data, it is a fairly simple 
task to determine the complete instantaneous'spacecraft 
attitude. 
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One method i s  o u t l i n e d  i n  t h e  paper  i n  Appendix I under 
t h e  s e c t i o n  "ANTENNA-MAGNETIC FIELb ANGLE". A second method 
w i l l  be d e s c r i b e d  h e r e .  
Using t h e  s o l a r  a s p e c t  s e n s o r  d a t a ,  GSFC w a s  a b l e  t o  
de te rmine  t h e  o r i e n t a t i o n  of  t h e  s p a c e c r a f t  s p i n  a x i s  ( - Z  
a x i s )  and i t s  p r e c e s s i o n  a n g l e .  Also a v a i l a b l e  w a s  t h e  
i n s t a n t a n e o u s  o r i e n t a t i o n  of t h e  s p a c e c r a f t  v e l o c i t y  v e c t o r .  
I n  t h e  an tenna  impedance wake d a t a  ( f i g u r e s  2 and 6 )  t h e r e  
are w e l l  d e f i n e d  p e r i o d i c  e f f e c t s  which w e  c o r r e l a t e  w i t h  
t h e  t i m e  when t h e  an tenna  and t h e  v e l o c i t y  v e c t o r  are 
a l i g n e d  a t  180° w i t h  each o t h e r .  S ince  t h e  an tenna  i s  
a l i g n e d  a long  t h e  s p a c e c r a f t  -X a x i s  a t  t h i s  t i m e ,  t h e  
b r i e n t a t i o n  of t h e  +X a x i s , i s  known and i s  t h e  same as t h e  
v e l o c i t y  v e c t o r  and as a consequence t h e  Y a x i s  o r i e n t a t i o n  
can be de termined .  Now i f  a c o o r d i n a t e  system is d e f i n e d  
w i t h  t h e  x, y ,  z axes  c o i n c i d i n g  wi th  t h e  s p a c e c r a f t  X ,  Y ,  
Z axes  a t  t h i s  i n s t a n t ,  t h e n  as t h e  s p a c e c r a f t  s p i n s ,  i t s  
X a x i s  motion i s  d e s c r i b e d  by s imple  s i n u s o i d a l  f u n c t i o n s  
of  t i m e  i n  t h e  x ,  y ,  z system: 
x = c o s ( 2 1 ~ t / T )  
y = s i n ( 2 ~ t / T )  
z = 0 '  ( s i n c e  t h e  an tenna  i s  always i n  t h e  
x-y p l a n e )  
where 
t = e l a p s e d ' t i m e  from s tar t  of s p i n ,  
and T = i n e r t i a l  s p i n  p e r i o d .  
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These c o o r d i n a t e s  can now be r o t a t e d  i n t o  t h e  d e s i r e d  
c o o r d i n a t e  system (Geocen t r i c  E q u a t o r i a l  I n e r t i a l  ( G E I ) ,  OF 
r i g h t  a s c e n s i o n  and d e c l i n a t i o n )  by u s e  of d i r e c t i o n  c o s i n e s .  
If u,v,w r e p r e s e n t  t h e  new c o o r d i n a t e  system a x e s ,  
t h e  d i r e c t i o n  c o s i n e s  between t h e  t w o  c o o r d i n a t e  sys tems,  
t h e n  t h e  o r i e n t a t i o n  of t h e  X a x i s  i n  t h e  u,v,w system i s  
g iven  by 
and t i j  
v = X t * l  + y t 2 2  + Z t Z 3  
T h e s e , t h r e e  e q u a t i o n s  g i v e  t h e  o r i e n t a t i o n  of t h e  
s p a c e c r a f t  X ax i s  i n ,  f o r  i n s t a n c e ,  t h e  G E I  c o o r d i n a t e  
system. The s p a c e c r a f t  Y a x i s  o r i e n t a t i o n  i s  de termined ,  
i n  t h e  s a m e  manner. 
1 5  
CONCLUSIONS 
The wake o f  a v e r y  l a r g e  sp inn ing  s a t e l l i t e  can be 
e f f a c t i v e l y  probed by an  a n t e n n a ,  s i n c e  t h e  effects  of 
t h e  wake on t h e  impedance can be observed by a n  impedance 
b r i d g e  o p e r a t i n g  a t  a f requency  s l i g h t l y  lower t h a n  t h e  
l o c a l  plasma f r equency .  
For a n  an tenna  o p e r a t i n g  a t  a f r equency  i n  t h e  middle  
of  t h e  r ange  of encountered  plasma f r e q u e n c i e s ,  v e r y  l a r g e  
e x c u r s i o n s  i n  bo th  r e a c t a n c e  and r e s i s t a n c e  are t o  be 
expec ted  d u r i n g  each  o r b i t .  
Wake e f f e c t s  i n  t h e  measured an tenna  impedance i n  
con junc t ion  w i t h  t h e  incomple te  a v a i l a b l e  ' spacec ra f t  
o r i e n t a t i o n  data were used t o '  de te rmine  t h e  t h r e e - a x i s  
o r i e n t a t i o n  o f  t h e  s p a c e c r a f t .  
I t  has been observed b u t  n o t  e x p l a i n e d  t h a t  wake 
modulat ion i s  p r e s e n t  when t h e  an tenna  i s  i n d u c t i v e  b u t  
n o t  p r e s e n t  when it i s  c a p a c i t i v e .  I n  a d d i t i o n ,  two 
changes i n  t h e  s i g n  of t h e  an tenna  r e a c t a n c e  i n  t h e  r e g i o n  
of  Y < 1 and X > 1 have been obse rved ,  which are n o t  
accounted f o r  by p r e s e n t  an tenna  t h e o r i e s .  
These are two phenomena which should  be i n v e s t i g a t e d  
f u r t h e r  w i th  i n s t r u m e n t s  des igned  p r i m a r i l y  f o r  t h e s e  
purposes  and w i t h  more r e f i n e d  t h e o r y .  Such f i n d i n g s  would 
have d i r ec t  a p p l i c a t i o n  i n  improving t h e  knowledge of t h e  
behav io r  of  an tennas  i n  a magnetoplasma. I n  a d d i t i o n ,  t h e  
r e s u l t s  could  be used t o  v e r i f y  whether t h e  ve ry  n e a r  wake 
of  a s a t e l l i t e  has  an e l e c t r o n  d e n s i t y  p r o f i l e  i n  agreement 
w i t h  t h e  self c o n s i s t e n t  t h e o r y  o f  wakes d i s c u s s e d  i n  Appendix 
1. 
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APPENDIX 1: 
OGO SATELLITE WAKE STRUCTURE 
DEDUCED FROM ANTENNA IMPEDANCE MEASUREMENTS 
H. Weil and R. G. Yorks 
ABSTRACT 
Measurements of t h e  complex impedance of an  18-meter monopole antenna 
a t  2.5 MHz a r e  used t o  s tudy  the  e l e c t r o n  d e n s i t i e s  i n  and ou t  of t h e  
wake of a l a r g e  sp inn ing  s a t e l l i t e  i n  t h e  e a r t h ' s  upper ionosphere.  
s p a c e c r a f t  o r i e n t a t i o n  informat ion  is a l s o  obta ined  from t h e  impedance 
d a t a .  
Some 
The r a t i o s  of t he  wake e l e c t r o n  d e n s i t i e s ,  averaged over t h e  l eng th  
of t he  antenna,  t o  t h e  unperturbed l o c a l  d e n s i t i e s  are c a l c u l a t e d  f o r  
a l l  ang le s  of a t t a c k  of t he  s a t e l l i t e .  E l e c t r o n  d e n s i t y  d i s t r i b u t i o n s  
a long  the  antenna are der ived .  
INTRODUCTION 
When ionospher ic  sounding dev ices  are c a r r i e d  aboard s a t e l l i t e s  o r  
h igh  a l t i t u d e  rocke t s ,  i t  is necessary  t o  t ake  i n t o  account  t h e  f a c t  t h a t  
t he  v e h i c l e  w i l l  p e r t u r b  the  ionosphere.  A h i g h l y  nonuniform r a r e f i e d  
wake wi th  a nega t ive ly  charged c o r e  i s  formed behind the  v e h i c l e  which 
i s  d i f f e r e n t  i n  s t r u c t u r e  from t h e  t h i n  e l e c t r o n - d e f i c i e n t  shea th  which 
forms about  s t a t i o n a r y  o b j e c t s  i n  a plasma. I n  a d d i t i o n  t o  t h e  cons ider -  
a b l e  i n t r i n s i c  i n t e r e s t  i n  t h i s  phenomenon and its p r a c t i c a l  e f f e c t  on i n  
s i t u  ionospher ic  measurements, t h i s  wake is  a source  of enhanced r ada r  
r e t u r n  from space v e h i c l e s .  Although an  e x t e n s i v e  body of t h e o r e t i c a l  work 
on t h e  wake s t r u c t u r e  has  developed i n  the  l i t e r a t u r e ,  t h e  amount of  quan t i -  
t a t i v e  work, both c a l c u l a t e d  and exper imenta l ,  is  l imi t ed .  Surveys of t h e  
f i e l d  a r e  presented  by Samir and Willmore (1965), Al 'Pe r r  (1965)~ and Liu 
(1969) 
i -  
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The p resen t  paper  d i s c u s s e s  an experimental  probing of t h e  wake behind the 
O r b i t i n g  Geophysical Observatory I1 (OGO-11) i l l u s t r a t e d  i n  f i g u r e  1 a s  8 b y p r o d u c t  
of a r a d i o  astronomy experiment.  
ment was n o t  planned, i n  f a c t  i t  was made p o s s i b l e  only  by a f a i l u r e  of 
t he  s p a c e c r a f t  s t a b i l i z a t i o n  system t o  main ta in  t h e  planned th ree -ax i s  
s t a b i l i z a t i o n .  
This  wake probing aspect of t he  expe r i -  
The ionospher ic  probe was an 18-me ter monopole antenna.  
5 A 2.5-~Hz impedance br idge  measured t h e  antenna impedance on a t i m e -  
sha r ing  b a s i s  t ak ing  samples every  0.288 seconds a t  the  s lowes t  d a t a  rate. 
The Spacec ra f t  motion r o t a t e d  the  antenna c y c l i c a l l y  from a p o s i t i o n  behind 
t h e  v e h i c l e  p o i n t i n g  downstream, t o  p o i n t i n g  upstream, and back t o  down- 
stream i n  a per iod  of approximately f o u r  minutes,  o r  roughly 1 /26th  of  an  
o r b i t  per iod .  S ince  antenna impedance is  a s e n s i t i v e  i n d i c a t o r  o f  t he  
ambient e l e c t r o n  d e n s i t y  we were thus  provided wi th  a probe of  t h e  wake 
e l e c t r o n  d e n s i t y  compared t o  t h a t  i n  a r e l a t i v e l y - u n p e r t u r b e d  ionsophere.  
I n  a d d i t i o n  t o  t h e  r e s u l t s  desc r ibed  i n  t h i s  paper t h e r e  are r e c e n t  
resul ts  on wake s t r u c t u r e  behind a sounding rocke t  by Stone, Fainberg,  
and Alexander (1969) where antenna impedance measurements were a l s o  used 
as the  probing t o o l .  
For a q u a l i t a t i v e  p i c t u r e  of  t he  r e l a t i v e  dimensions of  t h e  antenna 
and wake w e  use theo re t i ca l -numer i ca l  r e s u l t s  on t h e  e l e c t r o n  d e n s i t y  
d i s t r i b u t i o n s  i n  the  wake of an a r b i t r a r i l y  o r i e n t e d  p r o l a t e  sphero id  
(Sawchuck, 1963). 
s i z e  of t h e  o rde r  of those  f o r  OGO-I1 where w e  observe wake e f f e c t s .  
These are the  only  numerical  r e s u l t s  f o r  non-symmetrical bodies  a t  d i f f e r e n t  
angles  of a t t a c k  and are t h e r e f o r e  use fu l  f o r  the  p r e s e n t  comparison 
even though they a re  no t  a c c u r a t e  near  the  body s i n c e  they are n o t  based 
on a s e l f - c o n s i s t e n t  theory  ( t h e  ion  d i s t r i b u t i o n  used i n  Po i s son ' s  
equat ion  f o r  t h e  p o t e n t i a l  i s  a n  approximate d i s t r i b u t i o n  f o r  n e u t r a l s ) .  
A s e l f - c o n s i s t e n t  a n a l y s i s  would y i e l d  a g r e a t e r  d e p l e t i o n  of  e l e c t r o n  
d e n s i t y  i n  the  very  near  wake [Liu  (1969)] 
These r e s u l t s  are f o r  t h e  a l t i t u d e ,  body speed, and 
Sawchuck presented  f i g u r e s  showing cons t an t  e l e c t r o n  d e n s i t y  contours  
f o r  a p r o l a t e  sphero id  w i t h  axes  4 meters and 2 meters t r a v e l i n g  a t  a 500-km 
a l t i t u d e  a t  8 km/sec, 
seven times the  rms thermal speed of t he  ambient ions.  
They correspond t o  a s a t e l l i t e  speed approximately 
F igu res  2a, b, and 
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c a r e  from Sawchuck's paper and they show h i s  computed curves  of c o n s t a n t  
e l e c t r o n  d e n s i t y ,  ne f o r  a p r o l a t e  spher iod .  We have taken  the  sphero id  
t o  r e p r e s e n t  the  OGO-I1 body and s o l a r  paddles ,  and i n  a d d i t i o n  show the  
a t t ached  c y l i n d r i c a l  antenna.  The t h r e e  f i g u r e s  r e p r e s e n t  t he  d i f f e r e n t  
ang le s  of a t t a c k ,  I n  t h e  f i r s t  case, t h a t  o f  ze ro  
angle  of a t t a c k ,  t h e  antenna i t s e l f  does no t  g r e a t l y  a f f e c t  the  wake 
s t ructure ,  whi le  f o r  t h e  o t h e r  two o r i e n t a t i o n s  one would expec t  a small 
wake generated by the  antenna.  S ince  t h e  antenna r a d i u s  i s  very small 
compared t o  the  sphero id  dimensions w e  have neglec ted  i ts  c o n t r i b u t i o n  
t o  the  wake as w e l l  as c o n t r i b u t i o n s  by o t h e r  booms on t h e  OGO. 
a= Oo, 4 5 O ,  and 90'. 
I n  f i g u r e  2c, t h e  antenna end i s  o u t  of t he  per turbed  r eg ion  f o r  
t h i s  broadside o r i e n t a t i o n ,  whi le  i n  t h e  t r a i l i n g  p o s i t i o n  shown i n  
f i g u r e  28, the  end i s  immersed i n  t h e  wake. 
Before d i s c u s s i n g  t h e  d e t a i l e d  procedure f o r  e x t r a c t i n g  wake i n f o r -  
mation from the  d a t a ,  t he  intended primary r a d i o  astronomy experiment 
and the  in s t rumen ta t ion  w i l l  be descr ibed .  This  w i l l  i n d i c a t e  how the  
unexpected wake probing i s  d i r e c t l y  o f  va lue  f o r  a subsequent similar 
r a d i o  astronomy experiment.  
PRIMARY EXPERIMENT AND INSTRUMENTATION 
The OGO-I1 sa t e l l i t e  was launched on October 14, 1965 from t h e  
Western Tes t  Range a t  Vendenberg A i r  Force Base, C a l i f o r n i a ,  i n t o  an  
o r b i t  w i th  an  i n c l i n a t i o n  t o  the  equa to r  of 87O.36, with  pe r igee  and 
apogee a l t i t u d e s  o f  413 km and 1512 km r e s p e c t i v e l y ,  and a per iod  of 104 
minutes [TRW, 19651. 
body f a c e  always looking  a t  t h e  e a r t h ,  an  o r b i t i n g - p l a n e  experiment 
package looking i n  the  d i r e c t i o n  o f  t r a v e l ,  and the  s o l a r  paddles  always 
d i r e c t e d  towards the  sun. Horizon scanner  problems caused r a p i d  consump- 
t i o n  of t h e  s t a b i l i z a t i o n  gas supply and a f t e r  10 days of s t a b i l i z e d  
ope ra t ion  t h e  s p a c e c r a f t  was spun-up t o  about  0.11 rpm wi th  t h e  s p i n  
axis  roughly perpendicular  t o  t h e  o r b i t  plane.  A f t e r  s e v e r a l  months 
the  s p i n  r a t e  had increased  and s t a b i l i z e d  a t  about  0.27 rpm. 
c a r r i e d  20 experiments  f o r  measurements of p a r t i c l e s ,  f i e l d s ,  and 
au ro ras  i n  t h e  v i c i n i t y  of  t h e  e a r t h .  
The s a t e l l i t e  was t o  be s t a b i l i z e d  wi th  one main 
OGO-XI 
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The University of Michigan Radio Astronomy Observatory has an experi- 
ment on board t o  attempt t o  make a radio sky brightness map a t  2.5 M H z .  
Figure 3 i s  a block diagram of the instrumentation showing the four main 
experiment channels: 
a 2.5 MXz impedance bridge which terminates i n  the blocks labeled ' s ine 
phase detector '  and 'cos phase detector ' .  The antenna for  the system 
shown i n  f igure 2extended 
paddle, i s  an 18 meter long, 1.42 
a 2.5 MHz radiometer, a 2.0 MHz radiometer, and 
out from the end of the lower l e f t  so la r  
centimeter diameter monopole. 
Since the e n t i r e  o r b i t  of OW-I1 was spent i n  the ear th ' s  upper 
ionosphere, i t  was planned t o  make use  of the focusing 
the ionosphere t o  e f fec t ive ly  sharpen the  antenna beam [Walsh and Weil, 
190'81, s ince the beam width of the  monopole (or any other e l ec t r i ca l ly  
short  antenna) is  f a r  too broad for  mapping purposes. The antenna was 
used continuously and simultaneously w i t h  the radiometers and the i m -  
pedance bridge. 
properties of 
The impedance measurements were needed t o  enable absolute values 
of s b  brightness t o  be calculated from the radiometer data.  
c ip les  involved i n  t h i s  type of sky brightness measurement a re  given, 
for  example, by Walsh and Haddock (1965). 
both r e s i s t i v e  and react ive components of the  antenna impedance and w i l l  
give both posi t ive and negative reactances. 
The prin- 
The impedance bridge y ie lds  
The range of impedance values 
measurable was from less than 100 ohms t o  greater  than 10,000 ohms. The 
2.5 MHz s ine  wave voltage leve l  injected onto the antenna for  the bridge 
measurement was l e s s  than 1 mi l l i vo l t  r m s .  The antenna was direct-cou- 
pled t o  spacecraft ground through an inductor. 
The leve l  of interference generated by the spacecraft a t  2.5 MHz 
was su f f i c i en t ly  high t o  obscure much of the expected brightness data. However, 
the impedance bridge, which i s  insens i t ive  t o  such interference,  yielded 
excellent data. 
special  value i n  two ways. 
density information i n  the wake. Second the e f f ec t  of the wake on 
Because of the spacecraft tumbling, the data  i s  of 
The f i r s t  is t o  obtain r e l a t ive  electron 
impedance, even without interpretat ion i n  terms of electron density s t ructure ,  
20 
can be used t o  increase the accuracy of sky brightness data  derived on 
a duplicate experiment on OGO-IV,  
tha t  the monopole antenna is continually i n  the wake during long intervals.  
I n  addition the radio interference has been reduced. 
OW-IV is successfully s tab i l ized  so 
PROCEDURE 
Both the  r e a l  and imaginary pa r t s  of the  impedance are qu i t e  sensi-  
hive t o  t h e  ambient plasma. The reac t ive  par t  is t h e  most useful because 
of the eas i ly  observed changes i n  s ign which occur when the  vehicle  
passes from a region where the  loca l  upper hybrid frequency, f U  = ($ + <) 
(square root  of the  sum of the plasma frequency squared and t h e  gyro 
frequency squared) passes from being less than t o  grea te r  than the  operat- 
ing frequency, which i n  t h i s  experiment is  2.5 MHz. 
sens i t ive  primarily t o  t h e  plasma i n  a roughly cy l indr ica l  region encom- 
passing the  spacecraft  body, so l a r  paddle, and the  antenna, i n  which t h e  
f i e l d  l i n e s  are mainly confined. 
1/2 , 
The reactance i s  
I f  t he  ionospheric plasma were unperturbed and local ly  uniform w e  
could cor rec t ly  apply the  approximate formula, equation 1, fo r  t h e  reac- 
tance of an e l e c t r i c a l l y  short  cylindr.ica1 morr?pole i n  uniform magneto- 
plasma which was derived by Balmain (1964) using a quas i - s ta t ic  theory. 
i n  which 
2 2 2  
.I F = s i n  8 + a cos 0 and 8 i s  the  angle between the  antenna 
axis and t h e  ea r th ' s  magnetic f ie ld ,  
w = 2 R times the operating frequency, 
e = f r e e  space permitivity = 8.@42 x F/m, 
0 
2 
a = K . ' / K ~ ,  
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Y = Collision frequency,, 
L = Length of monopole in meters., 
p = Radius of monopole in meters, 
, and 
Z = the antenna reactance in ohms. 
Given Z, Y, 8, U, f, and the dimensions of the antenna, one can 
then obtain a value for X by an iteration process. 
tic field amplitude is available from magnetometers carried on the space- 
craft and the reactance is available from our impedance bridge measure- 
ment s. 
The ambient magne- 
Our antenna is in a non-uniform medium, but if we apply this pro- 
cedure an effective electron density can then be computed from: 
2 
3 E m w X  
e 
el ec tr ons /m 0 2 n =  
where 
,' m = the electron mass = 9.1091 x loo3' kg, 
e = the edectron charge = 1.6021 x loo1' coulombs v 
We shall assume that, as a function 1, radial distance-from 
the satellite body 
where !3 is a real constant. This satisfies the required physical condi- 
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t ions a t  I = 0 and I = m  and,.in f ac t ,  can provide a close f i t ' r o  
the numerical values given by Sawchuck. 
t i on  i n  the averaging gives 
Using f (1)  as a weighting func- 
from which @ can be determined and used with (3) t o  construct constant 
",/no curves . 
A problem concerns the use of (1) for  the present antenna 
system. 
long enough t o  render questionable the appl icabi l i ty  of a theory based 
upon the assumption tha t  the antenna is  e l e c t r i c a l l y  short .  
complication i s  tha t  the dimensions of the spacecraft, which form a 
"ground plane" against  which the antenna i s  working, i s  much less than 
a wavelength a t  2.5 MHz. 
r e l a t i v e  dens i t ies  around the spacecraft ,  we f e e l  these l imitat ions do 
not ser iously l i m i t  our use of equation (I); we are  unaware of a more 
The free-space e l ec t r i ca l  length at  2.5 MHz i s  0.15 wavelengths, 
An added 
However, since w e  a r e  t rying t o  obtain only 
sui table  theoret ical  r e su l t .  
Also because of a l imi ta t ion  iti present antenna theory we have 
used the n /n dis t r ibu t ion .  as a weighting function. 
, e . o  
A second problem resulted from s a t e l l i t e  tumbling because there was not 
complete data  on the instanteous or ientat ion of the spacecraft with re- 
spect t o  the magnetic f i e ld .  
or ientat ion of the spin axis of the spacecraft ,  
mation extracted from the antenna impedance records, we have been able  
t o  determine the antenna-magnetic f i e l d  or ientat ion.  
ing t h i s  i s  outlined i n  the next sectinn, and the cosines of the angles 
thus obtained are plot ted on f igure 5, 
There was,  however, information on the  
With th i s ,  plus infor- 
The method f o r  do- 
ANTENNA-MAGNETIC FIELD ANGLE 
The problem of determining the t i m e  varying angle 0 between the ear th 's  
magnetic f i e l d  and the antenna could be resolved i n  one of several. ways 
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using the measured antenna impedance data. 
t he  precession of the spacecraft spin axis  so the r e su l t s  w i l l  be 
i n  e r ror  by 10 t o  12 degrees (the half-angle of the precession cone a t  
t h i s  epoch), and it w i l l  assume that  the OW-I1 orb i t  is  c i rcu lar .  
o rb i t  i s  actual ly  an e l l i p se ,  but the r a t i o  of the axes i s  only 1.003. 
It w i l l  be evident i n  the next sect ion tha t  t h i s  accuracy for  the angle 
i s  adequate. 
The method used ignores 
The 
The center of the cone of precession of the spin axis  i s  perpendi- 
cular  t o  the plane of the o rb i t  [TRW, 1963. 
c r a f t  i s  the body Z-axis, which is therefore a l so  perpendicular t o  the 
o rb i t  plane. The body X and Y axes a r e  ro ta t ing  i n  the o rb i t  plane and 
consequently so is the antenna (-X body axis).  In  one o r b i t  around the 
earth,  the veloci ty  vector of the spacecraft goes through one complete 
ro ta t ion  i n  space i n  the plane of t h e  o rb i t .  Since the antenna is ro- 
ta t ing  i n  the same plane as  the spacecraft veloci ty  vector, the orienta- 
t ion of the antenna a t  a t i m e  to + -%,At, i s  the same as  tha t  of the 
veloci ty  vector a t  a time to + A t ,  where to i s  a reference time, 104 is 
the o r b i t a l  period i n  minutes, 3.67 is  the spacecraft spin period i n  
minutes, A t  i s  the time i n  minutes measured from the reference t i m e  too 
To determine t There 
is a well defined periodic maximum which we cor re la te  with the time when 
the antenna and the veloci ty  vector a r e  aligned a t  180" with each other. 
Th i s  provides t h e  reference t i m e ,  to* 
the  antenna with the magnetic f i e l d  is  therefore determined. 
The spin axis  of the space- 
we use the  antenna impedance data of f igure 4 
0' 
The time varying or ien ta t ion  of 
The magnetic f i e l d  and the veloci ty  vector a r e  both given on the 
a t t i t ude  o rb i t  tape i n  a r igh t  hand system of coordinates, known as the 
geocentric equatorial  i n e r t i a l  (GEL) coordinate system, where the X-and 
Y-axes a re  i n  the e a r t h ' s  equatorial  plane, the Z-axis points northward, 
and the X-axis is directed towards the f i r s t  point of Aries. 
RESULTS 
Figure 4 i s  a computer generated d i g i t a l  p lo t  of the measured antenna 
reactance. In addition t o  t h e  main reactance peaks, which a r e  due to  the 
antenna being i n  the wake, there  are three secondary peaks i n  each spin cycle. 
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Possible causes t o  consider for  these secondary peaks a re :  1) ef fec ts  
due t o  or ientat ion of the antenna with the magnetic f ie ld ,  2)  regions 
both forward of the spacecraft and a t  r igh t  angles t o  the direct ion of 
motion, which a re  i n  some way depleted of electrons, 3) impedance changes 
i n  the antenna-ground plane system as the  booms and opposing so lar  paddles 
pass through the wake of the  spacecraft. 
We r u l e  out explanation 1) because the antenna i s  nei ther  l ined up 
with, nor a t  r i gh t  angles to, the magnetic f i e l d  a t  times of the secon- 
dary peaks. In any case, since Y 0.2, magnetic f i e l d  e f f ec t s  on the 
reactance a r e  very small. 
conceive of a s i tua t ion  tha t  would cause se lec t ive  depletion of electrons 
only a t  0" and 90". 
the cause of these peaks. This i s  reasonable, since the space- 
c r a f t  and i t s  associated booms a r e  an integral  par t  of the  antenna. If  
the wake e f f ec t s  are observable by the monopole they should a l so  be ob- 
servable, t o  some degree, by the  "ground plane", par t icular ly  by the  op- 
posing so lar  panel a t  0" and the  booms a t  *goo. 
2 
We a l so  discard 2) s ince i t  i s  very hard t o  
We are then l e f t  with case 3) as an explanation of 
\ 
On f igure 5 w e  have plot ted electron density corresponding t o  the  
reactance plotted i n  f igure  4. 
of the computed angle, 0,  between the antenna and the  magnetic f i e l d  
direct ion.  
plotted the  cosine of the angle between the  spacecraft velocity vector 
and the magnetic f i e l d  direct ion,  which i s  derived 
present on the a t t i tude-orb i t  tape. 
tron depletion, the angles of the  antenna and of the  veloci ty  vector 
with the magnetic f i e l d  d i rec t ion  should be the same. 
i n  t h i s  f igure  tha t  t h i s  i s  indeed the case. 
We have, i n  addition plotted the  cosine 
In  order t o  check these computations of 0,  we have also 
d i rec t ly  from data 
A t  the t i m e  of the greatest  elec- 
It can be seen 
Figure 5 i s  a d i g i t a l  p lo t  of the electron density calculated f o r  
a portion of the  t i m e  of f igure 4, using equations (1) and (2) above 
with 
L = 18.3 meters, Q = .0071 meters, 
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f - 2.5 MHZ, v - 0. 
Values of e l e c t r o n  d e n s i t y  have been c a l c u l a t e d  us ing  va r ious  va lues  o f  
v between 1,000 and 10,000 radians/second.  
s i t i e s  vary l i t t l e  from t h a t  w i t h  v = 0, bu t  t h e  complexity of (1) in-  
creases s i g n i f i c a n t l y .  
The r e s u l t s  on re la t ive den- 
A model ionosphere e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  was determined by 
assuming t h a t  t he  unperturbed e l e c t r o n  d e n s i t y  over  t h i s  s h o r t  time 
i n t e r v a l  could be r ep resen ted  by a smooth-curve f i t t e d  t o  maxima o f  t h e  
c a l c u l a t e d  wake-density curve as shown i n  f i g u r e  5. T r i a l  has  shown t h a t  
t h e  p r i n c i p a l  f e a t u r e s  of f i g u r e s  5-8, which are t y p i c a l  r e s u l t s  o f  ou r  
d a t a  r educ t ion ,  a r e  n o t  s e n s i t i v e  to  the  choice of smooth curve f i t .  I n  
a d d i t i o n  d a t a  samples too  no i sy  f o r  easy f i t t i n g  were no t  used. 
The r a t i o  of t h e  wake d e n s i t y  t o  t h e  unperturbed d e n s i t y ,  given by 
t h e  f i t t e d  curves,  i s  t h e  e f f e c t i v e  r e l a t i v e  e l e c t r o n  d e n s i t y  around t h e  
s p a c e c r a f t ,  averaged over t he  l e n g t h  o f  t h e  18-meter monopoler 
of t h i s  averaged r e l a t i v e  d e n s i t y  is shown i n  f i g u r e  6a. 
corresponds t o  t h e  d i r e c t i o n  ahead of t he  s p a c e c r a f t  and 180 degrees  is 
t r a i l i n g  the  s p a c e c r a f t .  
curves  around the  s p a c e c r a f t ,  u s ing  t h e  method o u t l i n e d  i n  t h e  P rocedure ' s  
s e c t i o n  wi th  t h e  d a t a  from f i g u r e  6ar 
i n  t h i s  case r eaches  a maximum of 25%. 
reaches 3O$. 
A p l o t  
Zero degrees  
F igu re  6b shows c a l c u l a t e d  i s o - e l e c t r o n  d e n s i t y  
We see t h a t  t h e  e l e c t r o n  d e p l e t i o n  
I n  some o t h e r  cases t h e  d e p l e t i o n  
To i n t e r p r e t  f i g u r e s  6-8, i t  should be borne i n  mind t h a t  t h e  r e l a t i v e  
d e n s i t i e s  a s s o c i a t e d  wi th  each d i s t a n c e  along a r a d i a l  l i n e  a t  a g iven  
va lue  of t h e  ang le  8 are t h e  r e l a t i v e  d e n s i t i e s  a long  the  antenna 
when t h e  ang le  of a t t a c k  of t h e  s p a c e c r a f t ,  measured from 
the  major a x i s ,  i s  360O-41. 
throughout t h e  wake corresponding to  a f i x e d  a n g l e  of a t t a c k .  
have been such curves i f  t h e  v e h i c l e  had been symmetrical  about  t h e  s p i n  axis. 
The cu rves  are t h e r e f o r e  n o t  e q u i d e n s i t y  con tour s  
They would 
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The seaondary peak ahead of t he  s p a c e c r a f t  is assumed t o  be a ground- 
plane impedance e f f e c t  due to the  opposing s o l a r  paddle pas s ing  through 
t h e  wake and no t  an e l e c t r o n  d e p l e t i o n  e f f e c t  forward of t h e  v e h i c l e .  
The f l u c t u a t i o n s  i n  t h e  con tour s  are p r e s e n t  because t h e  d a t a  were used 
wi thou t  smoothing and a l l  t e l eme t ry  and coding n o i s e  is p r e s e n t  i n  t h e  
d a t a  r eco rds .  
F igu res  7 and 8 are f u r t h e r  f i g u r e s  of t he  same type f o r  o t h e r  time 
i n t e r v a l s .  
On each f i g u r e  the  d i r e c t i o n  of t h e  magnetic f i e l d  a t  the  beginning and 
end of t he  s p i n  c y c l e  is shown by arrows l a b e l e d  B1 and B2 r e s p e c t i v e l y .  
It was thought t h a t  fo l lowing  the theo ry  of Whang (1967) a s l i g h t  "pu l l -  
ing" o r  bulging might be seen  i n  t h e  wake toward t h e  d i r e c t i o n  o f  t h e  
magnetic f i e l d  l i n e s  when t h i s  d i r e c t i o n  d i d  no t  c o i n c i d e  wi th  the  space- 
c r a f t  v e l o c i t y  d i r e c t i o n .  Whang's theory d e a l t  only w i t h  t h e  ion  d i s t r i -  
bu t ion  and d i d  no t  determine the  r e l a t e d  e l e c t r o n  d i s t r i b u t i o n .  Although 
our  wake f i g u r e s  are no t  a l l  symmetric they do n o t  show a c o r r e l a t i o n  w i t h  
m a g n e t i c ' f i e l d  d i r e c t i o n .  
This is  p a r t i c u l a r l y  e v i d e n t  on comparing f i g u r e s  7a wi th  7b, and 8a wi th  
8 b  which have t h e  same magnetic f i e l d  o r i e n t a t i o n s .  
e v i d e n t  i n  f i g u r e  7a whi l e  f i g u r e  7b  is much more symmetrical  and s i m i l a r l y  
f o r  8a and 8 b  where 8 b  seems t o  be p u l l e d  somewhat i n  a d i r e c t i o n  away from 
B. 
They were chosen t o  i l l u s t r a t e  p o s s i b l e  magnetic f i e l d  e f f e c t s .  
I f  i t  exists i t  is  masked by o t h e r  e f f e c t s .  
There is some bulging 
The d a t a  p re sen ted  h e r e  r e p r e s e n t s  on ly  a very small p o r t i o n  o f  a l l  
of t h e  wake occur rences  p r e s e n t  i n  t h e  raw d a t a .  
t he  s p a c e c r a f t  could y i e l d  from one t o  f i v e  wake p r o f i l e s  and t h e r e  are 
over t h i r t e e n  pe r igee  pas ses  pe r  24 hour day. Ionosphe r i c  d i s t r u b a n c e s  
du r ing  some p e r i g e e  pas ses  make p a r t  of t h e  d a t a  unusable,  bu t  t h e  c l e a n  
passes  c o n t a i n  more than enough d a t a  for a d d i t i o n a l  a n a l y s i s .  
t h e  type desc r ibed  p l u s  a d d i t i o n a l  t es t s  o f  t h e  c o r r e l a t i o n  of wake 
parameters w i t h  magnetic f i e l d  and a l t i t u d e  are being c a r r i e d  out. 
Each pe r igee  p a s s  of 
Ana lys i s  of 
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CONCLUSIONS 
We have shown t h a t  t he  wake o f  a l a r g e  sp inn ing  s t a e l l i t e  can be 
e f f e c t i v e l y  probed by an  antenna s i n c e  t h e  e f f e c t s  of t he  wake on the  
impedance can be observed by an  impedance b r idge  o p e r a t i n g  a t  a frequency 
s l i g h t l y  lower than t h e  l o c a l  plasma frequency. 
probing is an e f f e c t i v e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  i n  t h e  v i c i n i t y  of 
the  v e h i c l e  i n c l u d i n g  t h e  wake r e g i o n ,  
The r e s u l t s  of t h i s  
The a x i a l  l e n g t h  o f  t h e  c a v i t y  f o r  d i f f e r e n t  a n g l e s  of a t t a c k  and 
the  d e n s i t y  d i s t r i b u t i o n  a long  t h e . a n t e n n a  h a s  been found. I f  t h e  
s a t e l l i t e  had been e s s e n t i a l l y  symmetrical  about  t h e  s p i n  axis, t h e  d a t a  
would a l s o  have y i e l d e d  t h e  angu la r  e x t e n t  of t h e  c a v i t y .  No c o r r e l a t i o n  
of wake shape with magnetic f i e l d  d i r e c t i o n  was observed. 
I 
I n  a d d i t i o n  t o  t h e  e l e c t r o n  d e n s i t y  r e s u l t s ,  we have shown t h a t ,  
g iven s u i t a b l e  a d d i t i o n a l  information,  t h e  s p a c e c r a f t  o r i e n t a t i o n  can 
be determined from t h e  impedance d a t a .  
The e x p e r i n e n t  was n o t  designed for wake s t u d i e s  bu t  gave u s e f u l  
r e s u l t s .  
Our r e s u l t s  i n d i c a t e  t h a t  an  experiment could now be designed and 
b u i l t  p r i m a r i l y  t o  make a c c u r a t e  wake s t u d i e s  by antenna impedance 
measurements. 
one could v e r i f y  whether t h e  very nea r  wake h a s  a n  e l e c t r o n  d e n s i t y  
d i p  as t h e  s e l f - c o n s i s t e n t  theory states, r a t h e r  t han  a monotonic i n c r e a s e  
w i t h  d i s t a n c e  from t h e  satell i te.  
I n  p a r t i c u l a r  by us ing  antennas of d i f f e r e n t  l e n g t h s ,  
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FIGURE CAPTIONS 
The OGO I1 s a t e l l i t e  
Geometry of a t h e o r e t i c a l  s a t e l l i t e  wake and t h e  
monopole an tenna .  The model wake, i l l u s t r a t e d  by 
c o n t o u r s  of c o n s t a n t  e l e c t r o n  d e n s i t y  r e l a t i v e  t o  
t h e  unper turbed  e l e c t r o n  d e n s i t y ,  i s  from Sawchuck 
(1963). 
Block diagram o f  t h e  experiment  i n s t r u m e n t a t i o n  
T y p i c a l  measured loglo ( r e a c t a n c e )  v s  t i m e  d a t a  
Upper cu rve :  c o s i n e  of t h e  a n g l e  between t h e  an tenna  
and t h e  magnet ic  f i e l d  d i r e c t i o n s  
Lower cu rve :  l o g  ( e f f e c t i v e  e l e c t r o n  d e n s i t y )  vs 
t i m e .  
i n  f i g u r e  4 .  
These curb& correspond t o  a p o r t i o n  of t h e  data 
a )  P o l a r  p l o t  of e f f e c t i v e  e l e c t r o n  d e n s i t y  r e l a t i v e  
t o  t h e  unper turbed  e l e c t r o n  d e n s i t y  f r o 2  t h e  d a t a  of  
f i g u r e  5.  
v e l o c i t y  and t h e  d i r e c t i o n s B 1  and B2 of t h e  geomagnetic 
f i e l d  a t  t h e  s ta r t  and f i n i s h  of  t h e  s p i n  c y c l e  r e s p e c t i v e -  
' l y .  The d i r e c t i o n s  of t h e s e  q u a n t i t i e s  are a l so  on a l l  
t h e  subsequent  f i g u r e s .  
b )  I s o - r e l a t i v e  e l e c t r o n  d e n s i t y  cont 'ours  f o r  t h e  d a t a  
Also shown i s  the+di recf ion  V o f  t h e  s a t e l l i t e  
of ( 6 a ) .  
7 .  I s o - r e l a t i v e  d e n s i t y  c o n t o u r s  i l l u s t r a t i n g  two cases 
when El and 5, are symmetric about  V .  
8. I s o - r e l a t i v e  d e n s i t y  contours  i l l u s t r a t i - n g  two cases 
when B, and 8, are not symmetric about  V .  
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A P P E N D I X  11: C O M P U T E R  P R O G R A M S  
The programs described here were written to analyze 
data returned from the instrument on O G O - 1 1 .  All such 
data were stored on two types of magnetic tapes: 1) data 
tapes with all of the data from the instrument package, plus 
time and identification information, and 2 )  attitude-orbit 
tapes with the geodetic, geomagnetic, and celestial para- 
meters pertaining to the location and orientation of the 
spacecraft as a function of time. 
All programs were written in Fortran I1 for an XDS I 
model 930 scientific computer with a memory of 8192, 24 bit 
words ( 6  bit characters). The machine has a 256,000 word 
disc, two on-line tape units, an on-line printer, a card 
reader, a teletypewriter, a paper tape reader/punch, and 
additional special equipment which includes photographic 
C R T  displays and a Calcomp digital plotter. 
Each program is briefly described below, and each 
exists in punched card form at the UM/RAO computer facility. 
4 2  
PROGRAM NAME : 
PRO G RAMME R : 
LANGUAGE : 
PURPOSE : 
PROGRAM LINKS : 
Link 1: 
Link 2 :  
Link 3 :  
P O G O  ANTENNA IMPEDANCES - CALCULATE E PLOT 
R .  G .  Yorks,  S .  L .  Breckenridge 
F o r t r a n  I1 
T o  combine p r e f l i g h t  and p o s t f l i g h t  c a l i b r a -  
t i o n  d a t a  w i t h  i n f l i g h t  an tenna  impedance 
channel  d a t a  and produce Calcomp p l o t s  o f  
an tenna  r e s i s t a n c e  and r e a c t a n c e ,  and i f  
d e s i r e d ,  p r i n t e d  r e c o r d s  of  r e s i s t a n c e  and 
r e a c t a n c e .  
OPERATIONS: Locate  s ta r t  o f  d a t a  i n t e r v a l  
on GSFC d a t a  t a p e  and r e a d  d a t a .  
INPUT: Cards c o n t a i n i n g  desired d a t a  i n t e r v a l  
i n f o r m a t i o n ,  c a r d s  c o n t a i n i n g  p r e f l i g h t  
c a l i b r a t i o n  d a t a ,  GSFC d a t a  t a p e s .  
OUTPUT: Data t o  l i n k  2 ,  p r i n t  d e s i r e d  d a t a -  
i n t e r v a l  i n f o r m a t i o n  and p r e f l i g h t  c a l i b r a t i o n  
d a t a .  
STORAGE: 314410 l o c a t i o n s  + 115510 common 
l o c a t i o n s .  
OPERATIONS: C a l c u l a t e ,  p l o t ,  and p r i n t  
r e s i s t a n c e  and r e a c t a n c e  vs  t i m e .  
INPUT: Data from l i n k  1. 
OUTPUT: P l o t s  of r e s i s t a n c e  and r e a c t a n c e  
vs  t i m e .  
STORAGE: 403510 ' loca t ions  + 105710 common 
l o c a t i o n s .  
OPERATIONS: D r a w  axes on Calcomp p l .o t s ,  
l a b e l  axes  and w r i t e  i d e n t i f y i n g  i n f o r m a t i o n  
on t h e  p l o t .  
INPUT: Scale p a r a m e t e r s ,  axes  l a b e l s ,  and 
graph  i d e n t i f i c a t i o n .  
OUTPUT: Calcomp a x e s ,  l a b e l s ,  and i d e n t i f i c a t i o n ;  
p r i n t  i n p u t  i n f o r m a t i o n .  
STORAGE: 382510 l o c a t i o n s  + 115510 common 
l o c a t i o n s .  
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PROGRAM NAME: POGO ELECTRON DENSITY - CALCULATE E PLOT 
PROGRAMMER: R.  G .  Yorks,  S .  L .  Breckenridge.  
LANGUAGE : F o r t r a n  11, 
PURPOSE : To combine p r e f l i g h t  and p o s t f l i g h t  c a l i b r a -  
t i o n  d a t a  and by means of an  antenna-plasma 
formula o b t a i n  l o c a l  e l e c t r o n  d e n s i t i e s .  
PROGRAM LINKS : 
Link 5 :  OPERATIONS: Locate  d e s i r e d  i n t e r v a l  on 
a t t i t u d e - o r b i t  t a p e ,  r e a d  and s t o r e  d e s i r e d  d a t a .  
INPUT: Cards c o n t a i n i n g  d e s i r e d  d a t a - i n t e r v a l  
i n f o r m a t i o n ,  c a r d s  c o n t a i n i n g  p r e f l i g h t  
c a l i b r a t i o n  d a t a ,  a t t i t u d e - o r b i t  t a p e .  
OUTPUT: P r i n t :  d e s i r e d  d a t a - i n t e r v a l  
i n f o r m a t i o n ,  p r e f l i g h t  c a l i b r a t i o n  d a t a ,  
a t t i t u d e - o r b i t  d a t a ,  
STORAGE: 417llO l o c a t i o n s  t 125OlO copmon 
l o c a t i o n s .  
Link 1: OPERATIONS: Search and r e a d  GSFC d a t a  t a p e .  
INPUT: Link 5 o u t p u t  and GSFC d a t a  t a p e .  
OUTPUT: Exper imenta l  d a t a  t o  n e x t  l i n k .  
STORAGE: 220OlO l o c a t i o n s  t 125glO common 
l o c a t i o n s .  
d a t a  i n t o  e l e c t r o n  d e n s i t i e s  u s i n g  Balmain' s 
monopole formula .  
INPUT: Link 1 o u t p u t .  
OUTPUT: E l e c t r o n  d e n s i t i e s  and t i m e - t o  n e x t  
l i n k ,  o p t i o n a l  p r i n t :  t i m e ,  r e s i s t a n c e ,  
r e a c t a n c e ,  and e l e c t r o n  d e n s i t y .  
STORAGE: 382210 l o c a t i o n s  t 125glO common 
l o c a t i o n s .  
Link 2 :  OPERATIONS: Convert  expe r imen ta l  impedance 
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Link 3 :  OPERATIONS: P l o t  e l e c t r o n  d e n s i t i e s  v s  t i m e .  
INPUT: Data from l i n k  2, 
OUTPUT: Calcomp p l o t s  o f  e l e c t r o n  d e n s i t i e s ,  
o p t i o n a l :  p r i n t  t i m e  and e l e c t r o n  d e n s i t y ,  
w r i t e  t i m e  and e l e c t r o n  d e n s i t y  on magnet ic  
t a p e .  
STORAGE: 335710 . l o c a t i o n s  + 125glO common 
l o c a t i o n s .  
Link 4 :  OPERATIONS: P l o t  axes  and l a b e l s  on Calcomp 
p l o t s .  
INPUT: Cards w i t h  axes  l a b e l  n o t a t i o n  and 
i n t e r v a l  i d e n t i f i c a t i o n ,  scale factors f r o m  
l i n k  5 .  
OUTPUT: Axes, l a b e l s ,  and i d e n t i f y i n g  
i n t e r v a l  i n f o r m a t i o n .  
STORAGE: 383OlO l o c a t i o n s  + 125glO common 
l o c a t i o n s ,  
.4 5 
PROGRAM NAME : POGO WAKE CALCULATE E PLOT 
PROGRAMMER : R .  G .  Yorks 
LANGUAGE : F o r t r a n  I1 
PURPOSE : T o  p l o t ,  i n  p o l a r  graph form, t h e  averaged  
wake e l e c t r o n  d e n s i t y  d e p l e t i o n  around t h e  
s a t e l l i t e ,  and t h e n  t o  p l o t  t h e  deduced 
e l e c t r o n  d e n s t i y  d i s t r i b u t i o n  a long  t h e  l e n g t h  
o f  t h e  an tenna  a t  each  p o i n t  around t h e  
s a t e l l i t e .  
PROGRAM LINKS: 
Link 1: OPERATIONS: P l o t ,  i n  p o l a r  graph form,  t h e  
averaged e l e c t r o n  d e n s i t y  d e p l e t i o n  around 
t h e  s a t e l l i t e .  
INPUT: Data on magnet ic  t a p e  w r i t t e n  i n  t h e  
program named " P O G O  ELECTRON DENSITY CALCULATIONS", 
c a r d s  c o n t a i n i n g  wake t i m e ,  d u r a t i o n ,  and 
v a l u e s  of e l e c t r o n  d e n s i t y  for a model i onosphe re .  
OUTPUT: Calcomp p l o t s  of t h e  d e p l e t i o n  i n  t h e  
wake, data t o  l i n k  2 .  
STORAGE: 226210 . l o c a t i o n s  f 60410 common l o c a t i o n s .  
Link 2 :  OPERATIONS: Using an  e x p o n e n t i a l  d i s t r i b u t i o n ,  
compute and p l o t  t h e  d i s t r i b u t i o n  o f  e l e c t r o n s  
a l o n g  t h e  an tenna  around t h e  s a t e l l i t e .  
INPUT: Data from l i n k  1, l a b e l s  for graphs .  
OUTPUT: Calcomp p l o t s  o f  e l e c t r o n  d e n s i t y  
d i s t r i b u t i o n  a l o n g  t h e  an tenna  wi th  i d e n t i f y i n g  
l a b e l s .  
STORAGE: 427g10 l o c a t i o n s  f 60410 common 
l o c a t i o n s .  I ,  
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PROGRAM NAME: P O G O  WAKE ASSYMETRY AND RELATED TOPICS - CALCULATIONS 
PRO GRAMME R : R .  G .  Yorks,  S .  L. Breckenridge 
LANGUAGE : F o r t r a n  I1 
PURPOSE: T o  compute assymetry  of each wake p r o f i l e ,  
maximum d e p t h  of each wake, and t o t a l  
i n t e g r a t e d  d e p l e t i o n  o f  each c a v i t y .  
PROGRAM LINKS : 
Link 1: OPERATIONS: Read a t t i t u d e - o r b i t  t a p e  f o r  d e s i r e d  
i n f o r m a t i o n .  
INPUT: Selected wake i n t e r v a l  t i m e s ,  c a l i b r a t i o n  
d a t a ,  i n t e g r a t i o n  t i m e ,  d a t a  dropout  c o n t r o l  
i n d e x ,  and a t t i t u d e - o r b i t  t a p e .  
OUTPUT: S e l e c t e d  a t t i t u d e - o r b i t  d a t a .  
STORAGE: 375610 l o c a t i o n s  f 155410 common 
l o c a t i o n s .  
Link 5 :  OPERATIONS: Locate beginning  of d e s i r e d  i n t e r v a l  
on a t t i t u d e - o r b i t  t a p e .  
INPUT: Data f r o m  l i n k  1, a t t i t u d e - o r b i t  t a p e .  
OUTPUT: None. 
STORAGE: 212210 . l o c a t i o n s  f 155410 common 
l o c a t i o n s .  
Link 2': OPERATIONS: Search  d a t a  t a p e  and r e a d  d a t a .  
INPUT: Data from l i n k  1 and GSFC d a t a  t a p e .  
OUTPUT: Data t o  l i n k  3.  
STORAGE: 234llO l o c a t i o n s  + 155410 common 
l o c a t i o n s .  
Link 3 :  OPERATIONS: C a l c u l a t e  and p r i n t  r e s z s t a n c e ,  
r e a c t a n c e ,  and e l e c t r o n  d e n s i t y .  
INPUT: Data from l i n k  2 .  
OUTPUT: T i m e  and e l e c t r o n  d e n s i t y  t o  l i n k  4 .  
STORAGE: 376OlO l o c a t i o n s  + 155410 common 
l o c a t i o n s .  
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Link 4 :  OPERATIONS: S t o r e  e l e c t r o n  d e n s i t y  v a l u e s  
on t h e  d i s c ,  t h e n  compute and p r i n t  t h e  
d e s i r e d  i n f o r m a t i o n  on each wake. 
INPUT: Data from l i n k  3 ,  c a r d s  c o n t a i n i n g  
u n d i s t u r b e d  i o n o s p h e r i c  e l e c t r o n  d e n s i t y  
p r o f i l e ,  
OUTPUT: P r i n t o u t s  of wake assymetry ,  d e p t h ,  
t o t a l  d e p l e t i o n ,  and a n g l e  of  t h e  magnet ic  
f i e l d  and v e l o c i t y  v e c t o r s  a t  t h e  t i m e  of. 
t h e  maximum wake occurence .  
STORAGE: 328210 l o c a t i o n s  + 155Y10 common 
l o c a t i o n s .  
4 8  
PROGRAM NAME: POGO REACTANCE VS RESISTANCE - PLOT 
PROGRAMMER: R ,  G .  Yorks,  S .  L .  Breckenridge ' 
LANGUAGE : F o r t r a n  I1 
PURPOSE : To c a l c u l a t e ,  and p l o t  t h e  an tenna  r e a c t a n c e  
a g a i n s t  t h e  r e s i s t a n c e .  
PROGRAM LINKS:  
Link 1: OPERATIONS: Locate  s t a r t  of d a t a  i n t e r v a l  
on GSFC d a t a  t a p e  and r e a d  d a t a .  
INPUT: Cards c o n t a i n i n g  d e s i r e d  d a t a - i n t e r v a l  
i n f o r m a t i o n ,  c a r d s  c o n t a i n i n g  p r e f l i g h t  
c a l i b r a t i o n  d a t a ,  GSFC d a t a  t a p e s .  
OUTPUT: Data t o  l i n k  2 ,  p r i n t o u t  of d e s i r e d  
d a t a - i n t e r v a l  i n f o r m a t i o n  and p r e f l i g h t  
c a l i b r a t i o n  d a t a .  
STORAGE: 314410 l o c a t i o n s  + 115510 common 
l o c a t i o n s .  
Link 2 :  OPERATIONS: Compute t h e  an tenna  r e a c t a n c e  
and r e s i s t a n c e  and p l o t  one a g a i n s t  t h e  o t h e r .  
INPUT: Data from l i n k  1. 
OUTPUT: Calcomp p l o t s  of r e a c t a n c e  v s  
r e s i s t a n c e .  
STORAGE: 402510 l o c a t i o n s  + 115510 common 
l o c a t i o n s .  
Link 3 :  OPERATIONS: D r a w  axes  and w r i t e  l a b e l s  and 
i d e n t i f y i n g  i n f o r m a t i o n  on p l o t s . ,  
INPUT: Cards w i t h  axes  pa rame te r s ,  a x e s  ' 
l a b e l s ,  and p l o t  i d e n t i f i c a t i o n .  
OUTPUT: P l o t s  of t h e  axes wi th  ' l a b e l s  and 
i d e n t i f i c a t i o n .  
STORAGE: 379LtlO l o c a t i o n s  + 115510 common 
l o c a t i o n s .  
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PROGWM NAME: SEARCH FOR SELECTED DATA O N  ATTITUDE-ORBIT 
TAPE - PRINT, PLOT 
PROGRAMMER : R. G. Yorks,  S, L .  Breckenridge 
LANGUAGE : F o r t r a n  I1 
PURPOSE : T o  s e a r c h  t h e  a t t i t u d e - o r b i t  t a p e  f o r  
s e l e c t e d  d a t a  and p l o t  o r  p r i n t  it on command. 
INPUT : , Cards c o n t a i n i n g  d e s i r e d  d a t a - i n t e r v a l ,  
OUTPUT : P l o t s  of d e s i r e d  d a t a  and p r i n t o u t s  on 
names of d e s i r e d  d a t a ,  a t t i t u d e - o r b i t  t a p e .  
command 
STORAGE : 516510 l o c a t i o n s .  
5 0  ’ 
PROGRAM NAME: ANTENNA-MAGNETIC FIELD ANGLE - CALCULATE E PLOT 
PROGRAMMER : R.  G .  Yorks 
LANGUAGE : F o r t r a n  I1 
PURPOSE : T o  compute and p l o t  t h e  t i m e  va ry ing  an tenna-  
magnet ic  f i e l d  a n g l e  of  t h e  s p i n n i n g  O G O - I 1  
s a t e l l i t e ,  g iven  t h e  o r b i t a l  c o o r d i n a t e s  
f o r  one o r b i t a l  p e r i o d .  
PROGRAM LINKS : 
Link 1: OPERATIONS: Read t h e  a t t i t u d e - o r b i t  t a p e ,  
compute t h e  G E I  u n i t  v e c t o r  c o o r d i n a t e s  of 
v e l o c i t y ,  and rez td  t h e  G E I  c o o r d i n a t e s  of 
t h e  magnet ic  f i e l d .  
INPUT: Cards w i t h  d e s i r e d  d a t a - i n t e r v a l  
i n f o r m a t i o n ,  a t t i t u d e  o r b i t  t a p e .  
OUTPUT: V e l o c i t y  and magnet ic  f i e l d  d a t a  
t o  l i n k  2 .  
STORAGE: 380OlO l o c a t i o n s  + 112010 common 
l o c a t i o n s .  
Link 2 :  OPERATIONS: Determine l e n g t h  o f  o r b i t ,  wake 
r e f e r e n c e  t i m e ,  and a n g l e  between magnet ic  
f i e l d  and t h e  s p i n n i n g  an tenna .  
' INPUT: Data from l i n k  1, measured p e r i o d  
or o r b i t ,  and wake r e f e r e n c e  t i m e .  
OUTPUT: Calcomp p l o t  o f  antenna-magnet ic  
f i e l d  a n g l e  v s  t i m e .  
STORAGE: 221810 l o c a t i o n s  + 112010 common 
l o c a t i o n s .  
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PROGRAM NAME: G E I  COORDINATES OF THE SPINNING POGO ANTENNA - 
CALCULATE AND PLOT 
INPUT : 
OUTPUT : 
STORAGE : 
PROGRAMMER : R .  G .  Yorks 
LANGUAGE : F o r t r a n  I1 
PURPOSE : 'Given t h e  r i g h t  a s c e n s i o n  and d e c l i n a t i o n  
of t h e  POGO s p i n  a x i s ,  c a l c u l a t e  t h e  
i n s t a n t a n e o u s  o r i e n t a t i o n  of t h e  a n t e n n a .  
R i g h t  a s c e n s i o n  and  d e c l i n a t i o n  of s a t e l l i t e  
s p i n  a x i s ,  wake t i m e .  
P l o t s  of t h e  GEI  c o o r d i n a t e s  of t h e  a n t e n n a  
as a f u n c t i o n  of t i m e .  
191310 l o c a t i o n s .  
, 
5 2  
PROGRAM NAME: x-y2 TRAJECTORY - PLOT 
PRO G R4MME R : R.  G .  Yorks 
LANGUAGE : ' F o r t r a n  11 
PURPOSE : To p l o t ,  on an X-Y2 d iagram, t h e  t r a j e c t o r y  
of t h e  O G O - I 1  s p a c e c r a f t  du r ing  one o r b i t .  
INPUT : Cards with  a l t i t u d e ,  magnet ic  f i e l d ,  e l e c t r o n  
d e n s i t y ,  and o p e r a t i n g  f requency  ove r  t h e  
d e s i r e d  i n t e r v a l .  
OUTPUT : 
STORAGE : 
Calcomp p l o t s  
rl 
of t h e  s p a c e c r a f t  t r a  j e c t o r y  
i n  t h e  X-YL p lane  as a f u n c t i o n  of  f requency .  
173g10 l o c a t i o n s .  
5 3  
PROGRAM NAME: 
PROGRAMMER: 
LANGUAGE: ' 
PURPOSE : 
INPUT : 
OUTPUT : 
STORAGE : 
BALMAIN'S MONOPOLE EQUATION WITH C O L L I S I O N S =  
PLOT E P R I N T  
R.  G .  Yorks 
F o r t r a n  I1 
t 
T o  p l o t  t h e  r e a c t a n c e  of  a monopole an tenna ,  ' 
as p r e d i c t e d  by Balmain, as a f u n c t i o n  of 
plasma f r equency ,  gyro f requency ,  antenna-  
magnet ic  f i e l d  a n g l e ,  c o l l i s i o n  f requency ,  
and l e n g t h - t o - r a d i u s  r a t i o .  
Cards c o n t a i n i n g  c o l l i s i o n  f requency ,  l e n g t h -  
t o - r a d i u s  r a t i o ,  antenna-magnetic f i e l d  , 
a n g l e ,  and t h e  range  o f  gyro and plasma , 
f r e q u e n c i e s .  
Calcomp p l o t s  of r e a c t a n c e  vs X 
o f  a l l  r e l e v a n t  i n fo rma t ion .  
331210 l o c a t i o n s .  
I 
. .  ; 
, .  
I '  
54 
PROGRAM NAME: COMPLEX INDEX OF REFRACTION - CALCULATE 
PRO GRAMME R : R .  G ,  Yorks 
OUTPUT: 
STORAGE : 
LANGUAGE : Fortran I1 
PURPOSE : T o  compute the complex indices of refraction 
and absorption in the earth's ionosphere. 
Card with electron collision parameter Z, 
angle of wave incidence theta, magnetoionic 
Y2, and range of magnetoionic X to be covered. 
Printouts of X ,  Y , theta, and the ordinary, 
extraordinary, and total indices of refraction 
and absorption. 
142710 locations. 
INPUT : 
2 
55 , 
PROGRAM NAME: COMPUTE THE ORDINARY AND EXTRAORDINARY, 
REAL AND IMAGINARY ANTENNA IMPEDANCE 
COMPONENTS G I V E N  THE COMPLEX REFRACTIVE 
I N D I C E S  
PROGRAMMER: R .  G .  Yorks 
LANGUAGE : F o r t r a n  I1 
PURPOSE : Using t h e  Appleton-Hartree formula for t h e  
complex r e f r a c t i v e  index  i n  t h e  ionosphere ,  
t o  compute t h e  o r d i n a r y  and e x t r a o r d i n a r y  
i n d i c e s  and t h e n  t o  app ly  t h e s e  t o  de te rmine  
the complex components of t h e  an tenna  
impedance. 
INPUT : Cards g i v i n g  va lues  of c o l l i s i o n  parameter  
Z ,  magnetoionic X and Y2 and antenna-magnetic 
f i e l d  a n g l e .  
r e a c t i v e  and r e s i s t i v e  components of t h e  
OUTPUT : P r i n t o u t s  of  t h e  o r d i n a r y  and e x t r a o r d i n a r y  
STORAGE : 
an tenna  impedance. 
260410 l o c a t i o n s .  
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FIGURE CAPTIONS 
6 
9 
Block diagram of impedance b r idge  p o r t i o n  of , the  OGO 
ins t rument .  
Analogue r e c o r d  of  t h e  s i n e  and c o s i n e  impedance channe l s  
showing t h e  wake e f f ec t s  ( $ 1  i n  t h e  i n d u c t i v e  impedance 
r e g i o n ,  t h e  absence o f  wake e f fec ts  i n  t h e  c a p a c i t i v e  
r e g i o n ,  t h e  wake p e r i o d ,  and t h e  l e v e l  (+I where t h e  
r e a c t a n c e  changes s i g n .  
Analogue r e c o r d  of t h e  s i n e  and c o s i n e  impedance channels  
showing t h e  unexplained second and t h i r d  an tenna  r eac t ance<  
s i g n  changes.  
S m i t h  chart p l o t  of t h e  c o s i n e  and s i n e  channel  v o l t a g e s  
t o  o b t a i n  an tenna  r e s i s t a n c e  and r e a c t a n c e  wi th  a cu rve  
showing a t y p i c a l  POGO p a t h  from apogee t o  p e r i g e e .  
Calcomp p l o t  of observed an tenna  r e s i s t a n c e s  and r e a c t a n c e s  
f o r  a p o r t i o n  of a POGO o r b i t  n e a r  p e r i g e e ,  showing t h e  
f i r s t ,  second,  and t h i r d  r e a c t a n c e  s i g n  changes a long  
wi th  t he  a s s o c i a t e d  r e s i s t i v e  excur s ions .  
Calcomp p l o t  of an tenna  r e a c t a n c e  showing wake e f f ea t  
while  t h e  an tenna  i s  i n d u c t i v e  and absence of wake 
effects  when c a p a c i t i v e ,  
Calcomp p l o t  of c a p a c i t i v e  an tenna  r e a c t a n c e  p e r i o d  
showing t h e  magnetic f i e l d  modulation effects.  
Sketch showing r e l a t i v e  r o t a t i o n  d i r e c t i o n s  of s a t e l l i t e  
o r b i t  around t h e  Earth and s p i n  of s a t e l l i t e  around i t s  
s p i n  a x i s .  
X-Y (CMA) diagram showing approximate l o c a t i o n s  of 
second and t h i r d  r e a c t a n c e  s i g n ,  changes a long  POGO 
magnetoionic t r a j e c t o r y .  
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